ABSTRACT: Radiographic Union Score for Tibia (RUST) and modified RUST (mRUST) are radiographic tools for quantitatively evaluating fracture healing using a cortical scoring system. This tool has high intra-class correlation coefficients (ICCs); however, little evidence has evaluated the scores against the physical properties of bone healing. Closed, stabilized fractures were made in the femora of C3H/HeJ male mice (8-12 week-old) of two dietary groups: A control and a phosphate restricted diet group. Microcomputed tomography (mCT) and torsion testing were carried out at post-operative days (POD) 14, 21, 35, and 42 (n ¼ 10-16) per group time-point. Anteroposterior and lateral radiographic views were constructed from the mCT scans and scored by five raters. The raters also indicated if the fracture were healed. ICCs were 0.71 (mRUST) and 0.63 (RUST). Both RUST scores were positively correlated with callus bone mineral density (BMD) (r ¼ 0.85 and 0.80, p < 0.001) and bone volume fraction (BV/TV) (r ¼ 0.86 and 0.80, p < 0.001). Both RUST scores positively correlated with callus strength (r ¼ 0.35 and 0.26, p < 0.012) and rigidity (r ¼ 0.50 and 0.39, p < 0.001). Radiographically healed calluses had a mRUST !13 and a RUST !10 and had excellent relationship to structural and biomechanical metrics. Effect of delayed healing due to phosphate dietary restrictions was found at later time points with all mechanical properties (p < 0.011), however no differences found in the RUST scores (p > 0.318). Clinical relevance of this study is both RUST scores showed high correlation to physical properties of healing and generally distinguished healed vs. Although it is an important part of the evaluation of an orthopaedic trauma patient, the ability to assess the progression of fracture healing is largely subjective. Treatment decisions with respect to the progression of fracture healing, including weight bearing status, activity level, or need for further intervention such as the application of nonunion modalities (bone stimulators, dynamization, hardware exchange), are then often made without an objective assessment of healing. Fracture healing can be qualitatively assessed by pain on weight bearing, tenderness to palpation at the fracture site, motion at the fracture site and presence of fracture line or callous on plain radiographs.
Although it is an important part of the evaluation of an orthopaedic trauma patient, the ability to assess the progression of fracture healing is largely subjective. Treatment decisions with respect to the progression of fracture healing, including weight bearing status, activity level, or need for further intervention such as the application of nonunion modalities (bone stimulators, dynamization, hardware exchange), are then often made without an objective assessment of healing. Fracture healing can be qualitatively assessed by pain on weight bearing, tenderness to palpation at the fracture site, motion at the fracture site and presence of fracture line or callous on plain radiographs. [1] [2] [3] However, these clinical parameters are subjective. The Radiographic Union Scale for Tibia fractures (RUST) was developed to aid in quantitatively evaluating fracture healing using radiographs. 4, 5 The standard RUST score is a radiographic assessment of fracture healing that has improved intraobserver and inter-observer reliability compared to other radiographic assessments. [4] [5] [6] [7] [8] The RUST score provides an indication of the fracture healing on a continuous scale from 4 to 12 points. The score is determined by the presence of callus without visible fracture line (3 points), presence of callus with visible fracture line (2 points), or absence of any callus (1 point) on each of four cortices on anteroposterior (A-P) and lateral (Lat) radiographs. The modified RUST score subdivides the middle score into two categories: Callus present and bridging callus, with a total continuous range 4-16. The modified RUST (mRUST) was found to have slightly higher intra-class correlation coefficients (ICC) than the RUST. 6 Litrenta et al. 6 found that radiographic union (as determined by 12 senior orthopaedic trauma surgeons) corresponded with a RUST score of 10 and a modified RUST score of 13.
While both mRUST and RUST have been shown to have high ICC's in multiple environments, there is little evidence that has correlated the RUST score with the physical properties of the bone or how these scores might be relatable to the biological progression of fracture healing. In contrast to the paucity of quantitative tools to assess fracture healing in a clinical setting, a large number of analytical approaches have been developed for use in preclinical studies using animal models. The most common of these approaches includes structural and material property measurements obtained from computed tomography and biomechanical measurements based on various testing modalities, including three and four point bending and torsion testing to failure. [9] [10] [11] [12] [13] The specific aims of this project were to determine: (i) whether RUST or mRUST scores correlate with structural and biomechanical properties in a murine model of femoral fracture healing; (ii) whether any biomechanical properties correlated with a subjective determination of a healed fracture; and (iii) how the delay of endochondral bone formation created by a phosphate restricted diet would affect the RUST score since prior studies had shown that phosphate restriction during fracture healing leads to a delay in the biological progression of endochondral bone formation. 14 
METHODS

Murine Model
All protocols were approved by the Animal Care and Use Committee at the Boston University School of Medicine. Closed stabilized transverse fractures were generated in 8-12 week-old C3H/HeJ (C3) male mice. Half of the mice were fed a normal diet and half were fed a phosphate deficiency ("Pi" group) 14 which was initiated 2 days prior to fracture and was maintained for 17 days, after which a normal diet was resumed. Control groups were given a normal diet throughout. Animals were anesthesized (Isoflurane) with cone-mask prior to surgery. Right legs were stabilized by retrograde intramedullary nailing using the stylette of 23 gauge spinal needle using previously established techniques. 15, 16 The right femur was then fractured by impact loading to the thigh using the fracture device as designed by Marturano et al. 17 Fracture was immediately confirmed by radiography. All mice received standard antibiotics and analgesics. Distal and proximal fractures or those with excessive comminution were excluded from the study. Fracture calluses N ¼ 10-16 mice/time point/ diet group were harvested at post-operative day (POD) 14, 21, 35, and 42 days. A non-fractured control group (N ¼ 6; POD 0) was used as a reference to calculate percentage regain of microstructural and mechanical properties. Animals were randomly assigned to specific time point groups and were housed under standard conditions (2-4 animals/cage). Mice were euthanized by cervical dislocation following CO 2 asphyxiation. The fractured femurs with their calluses were dissected free of soft tissue with careful removal of the spinal needle. The harvested samples were wrapped in PBS soaked gauze and stored at À80˚C until analysis.
Micro-Computed Tomography (mCT) Femora were scanned using an isotropic voxel size of 12 mm (70 kVp, 114 mA; mCT 40, Scanco Medical, Bruettisellen, Switzerland). The callus volume and mineralization were calculated as previously described by Morgan et al. 9 The following properties were determined: Total callus volume (TV), mineralized callus volume (BV), callus mineralized volume fraction (BV/TV), bone mineral density (BMD). TV, BV/TV, and BMD were normalized to average values for TV, BV/TV, and BMD, respectively from non-fractured bones at day 0 to evaluate percentage regain of microstructural properties. In addition, ring porosity and average ring pore size were determined. 10 Ring porosity and ring pore size have been utilized as a proxy to quantitatively evaluate callus bridging. The ring is defined as the area between the perimeter of the callus, and the contour of the callus reduced by 4%. 10 The ring porosity is the ratio of mineral to total volume within the ring. The ring pore size is the average size of unmineralized gaps within this ring. Ring pore size and ring porosity have been shown to be related to callus strength and stiffness. 10 The effective polar moment of inertia (J eff ) was calculated as previously described by Morgan et al. 9 as an estimate of the effective torsional constant of the callus.
Biomechanical Testing
Biomechanical properties were determined as previously described by Morgan et al. 9, 13 Briefly, the proximal and distal ends of the femora were secured in polymethyl methacrylate (PMMA) in aluminum casings (10 Â 10 mm 2 ) for testing. A rotational force was applied to the bone at rate of 0.5˚/s until failure (MT55, Instron, Norwood, MA). Torque and angular displacement were measured with a 2.25-N Á m transducer and an optical encoder, respectively. The gage length was defined as the length of the specimen that spanned the distance between the two PMMA-filled casings. Torsional strength was determined as the maximum torque sustained, ductility was defined as the angular displacement at the maximum torque, toughness was calculated as the area under the torque-twist curve, and torsional rigidity was determined as the slope of the linear torque-twist curve, where twist was normalized by the gauge length. All properties were normalized to average properties from nonfractured bones at day 0 (percentage regain of mechanical properties).
RUST Scoring
A-P and Lateral simulations were created from the Micro-CT scan. The radiographs were generated using image compression along the A-P and Lateral directions using a custom script (MatLab, Mathworks, Natick, MA). Different image compression settings were examined to identify the setting that best resembles planar radiographs. The bin size for the image compression was set as follows:
Bin size ¼ Maximum intensity À Minimum intensity Number of bins where, maximum intensity was the maximum intensity of all pixels in a stack of dicom images, minimum intensity was 0th (minimum), 60, 70, or 75th percentile of all non-zero pixels in a stack of dicom images, number of bins was set to 64 for gray scale images (default setting in MatLab). Figure 1 shows representative radiographs generated using the different compression setting. The images were then reviewed by a senior Orthopaedic Trauma Surgeon who identified the 75th percentile setting as the most comparable to planar radiographs. The radiographs from this setting were then evaluated by four senior Orthopaedic Trauma Surgeons and one Orthopaedic Fellow. Images were presented in random order and surgeons were blinded as to outcome and time of radiograph. They scored each cortex as: No callus, Callus Present, Bridging Callus and Remodeled. From this score, the mRUST and RUST scores were calculated. In addition, the radiographs were surveyed as to whether the raters would consider this fracture "healed" or not (1 ¼ "healed"; 0 ¼ "not healed"). 
Statistical Analysis
Mechanical properties were determined by torsion testing and were normalized to a non-fractured bone at day 0. Intraclass correlation coefficients (JMP 10, Cary, NC) were calculated to assess inter-rater variability in RUST and mRUST scores. Spearman correlations and regression models were used to compare each scoring system (using rounded average scores from all raters) to the mechanical and structural properties of the fracture calluses. Fisher's exact tests were used to examine the effect of diet on scores within each time point. Two-factor analyses of variance (ANOVA) were used to examine the effect of diet and POD on mechanical and structural properties of the fracture calluses. Student t-tests with Bonferroni correction were used as posthoc tests to examine the effect of diet on the mechanical and structural properties within each time point.
RESULTS
Inter-Rater Reliability of RUST Scores and Their Relationship to the Progression of Healing Representative radiographs comparing the Anterior: Posterior and sagittal images of the fracture callus time course and the RUST and mRUST grading of the images are seen in Figure 2 . Initial studies focused on the accuracy of the intra-class correlation (ICC) scores for the five readers of the radiological findings. The average mRUST, RUST and Healed scores at 14 days were: 9.5, 8.0, and 1 "healed" versus 27 "not healed"; at 21 days were 12.4, 8.6, and 19 "healed" versus 9 "not healed"; at 35 days were 14.5, 10.7, and 21 "healed" versus 0 "not healed"; and at 42 days were 14.6, 10.7, and 24 "healed" versus 0 "not healed" (Fig. 3) . The intra-class correlation (ICC) scores confirmed fairly good inter-rater reliability among the five reviewers: ICC of 0.71 for the mRUST score, 0.63 for the RUST score and 0.56 for "healed versus not healed" (Table 1) . These results overall showed a high degree of consistency and reproducibility in scoring between the various readers with slightly improved inter-rater correlations for the mRUST scoring.
RUST Scores and Their Relationship to Structural and Material Assessments to Fracture Healing
Structural and mechanical properties of fracture callus as determined from the mCT have been shown to be both relatable to regain of biomechanical functions as fractures heal and provide reliable correlates to biological mechanisms and tissue composition.
9-12 Both mRUST and RUST scores were positively correlated with callus bone mineral density (BMD; r ¼ 0.85 and 0.80, respectively; p < 0.001) and bone volume fraction (BV/TV; r ¼ 0.86 and 0.80, respectively; p < 0.001) and negatively correlated with total callus volume (r ¼ À0.54 and À0.51, respectively; p < 0.001) ( Table 2) . None of the scores were correlated with the effective polar moment of inertia of the callus (r < À0.08; p > 0.400). The fractures with both the highest RUST and mRUST scores and those that showed the highest percentage assessed as healed both had the highest BMDs and showed a continued increase throughout the time course of healing ( Fig. 4A-C) . These results also are consistent with prior findings that BMD had the highest correlation to regain in mechanical strength. 9 A key component of the RUST scoring approach is the assessment of cortical bridging. The extent of bridging was quantified by assessing the overall porosity and size of the pores of the outer margin of mineralized tissue ( Fig. 5; Table 2 ). Both the mRUST, RUST, and healed scores were negatively correlated (p < 0.0001) with ring porosity and ring pore size of the callus outer shell (r ¼ À0.88, À0.82, and À0.80, respectively; p < 0.001). 
RUST CORRELATION TO CALLUS PROPERTIES
RUST Score and Their Relationship to Biomechanical Assessments to Fracture Healing
Regain of biomechanical function is the primary functional measurements that are used to measure regain of weight bearing capacity in most preclinical studies. The correlation of the RUST scores to the biomechanical functions is presented in Figure 6 and Table 2 . Significant but weaker correlations were found between the radiographic scores and the mechanical properties of the callus. Both mRUST and RUST scores were positively correlated with callus strength (r ¼ 0.35 and 0.26, respectively; p < 0.012), stiffness (r ¼ 0.52 and 0.11, respectively; p < 0.001), and rigidity (r ¼ 0.50 and 0.39, respectively; p < 0.001), and negatively correlated to ductility (r ¼ À0.37 and À0.30, respectively; p < 0.001). None of the scores were correlated with toughness (p > 0.482).
In numerous prior studies stiffness has been shown to provide the most robust index of regain in mechanical function. [18] [19] [20] [21] Consistent with these prior observations are the correlations of regain of stiffness relative to both mRUST (Fig. 7A) and RUST (Fig. 7B) scores as a function of time. Once again, there was a strong correlation of the percentage that were scored as healed relative to the stiffness at day fourteen after fracture and the callus tissues that scored as not healed, which had the lowest measured stiffness ( Table 2) .
RUST Scores and Healing Score Relative to Delayed Healing in Rachitic Calluses
A phosphate deficiency model 14 was used to determine the degree to which we could observe if this biological perturbation would produce an observable effect on the overall RUST scoring or the assessments of a fracture as healed. In Figure 3 , the overall mRUST score for healing was correlated with the binary assessment of healing. All fractures with a mRUST score !13 or RUST !10 had a "Healed" score of 1 and all fractures with a mRUST score 10 or RUST 7 had a "Healed" score of 0. It should be noted that there is a clear bifurcation in the scores between those assessed as healed before and after day 21 with overall lower scores and greater variability in the scoring seen before day 21. Consistent with the overall biological effects of phosphate restriction on the endochondral phase of healings, the scores for the phosphate restricted diet at day 14 prior to when the mice were returned to a normal phosphate diet were both some of the lowest and had greatest variability in their scores.
The overall effect of POD and diet on healing was examined using ANOVA. POD was significant factor for all microstructural and mechanical properties (p < 0.001) except for toughness (p ¼ 0.287). Diet was a significant factor for strength and toughness only (p < 0.003). There was a significant interaction between diet and POD with all properties (p < 0.011), except for ring porosity (p ¼ 0.227). Post-hoc analysis was then carried out that separately assessed the effect of diet within individual time points, which is summarized in Table 3 . It is interesting to note that the mRUST and RUST scores were significantly different between the diet groups at days 21 and 14, respectively. However, the scores did not distinguish between the diet groups at later time points when we observe differences in the microstructural and mechanical properties.
The RUST and mRUST scores provide clinicians with a method to radiographically evaluate fracture healing semi-quantitatively. Previous studies have found good ICC between the mRUST and RUST with fracture union in both human and small animal studies, 6, 22 which was confirmed in this study as well. A consensus on the threshold RUST score that correlates with fracture union as defined by surgeons' opinion has been previously described. Litrenta et al. 6 surveyed 12 orthopaedic surgeons on radiographs of 27 distal femur fractures at various stage of healing and found that 90% of reviewers stated a fracture was healed when there was a score of 10 on an RUST and to 13 on mRUST. These authors suggested a minimum threshold for union of nine for RUST and 11 for mRUST. Similarly the reviewers in our study considered all fractures with an average RUST of at least 10 or mRUST of at least 13, to be healed. Additionally, RUST score less than eight or mRUST less than 11 were considered not healed by all reviewers.
While the RUST scores correlate with a subjective determination of "healed," it has been somewhat controversial whether the radiographic score correlates with the biomechanical properties of bone. McClelland et al. 20 found a poor correlation between the radiographic images and fracture stiffness, though they did find that bridging callus on at least three cortices was the best radiographic representation of union. Claes et al. 19 reported that the appearance of the radiograph lags behind the biomechanical properties of the healing bone. A key component of the RUST scoring approach is the assessment of cortical bridging. In order to be useful, plain x-ray images must accurately assess bridging callus. In fact, we found that the RUST score did negatively correlate with ring porosity and ring pore size, previously described parameters for evaluating bridging callus. 10 Since the time frame of the biological processes of murine fracture have been extensively documented, 23 this study allows us to place in temporal context how RUST scores relate to biological stages of healing. Thus scores that associate with nonhealed assessments are restricted to the anabolic phases of healing in which endochondral bone formations processes are occurring. It is also interesting to note that the greatest variably in both the RUST and mRUST scores relate to this period as well since the callus tissues are structurally the most heterogeneous during this time frame 24 and had the highest degrees of variability in mechanical testing.
11
There are a few limitations to this study. First, we had only five raters in this study who are highly skilled. Larger number of raters with varying degrees of experience should be included in future studies. Secondly unlike in clinical setting, the raters reviewed radiographs that did not included the stabilizing rod. However, the rod was removed in order to reduce beam hardening effects in images generated using micro-CT. Additionally, the correlations and threshold cut off values for mRUST and RUST obtained in this study are 
RUST CORRELATION TO CALLUS PROPERTIES
derived from an animal model, which may not be applicable to human studies. However, direct correlations between RUST scores and mechanical properties could not have been obtained otherwise due to the destructive nature of the mechanical testing performed. Given the significant correlations, although weak due to variability in the fractures, found between RUST scores, and mechanical properties, future studies can focus on establishing cutoff values for mRUST and RUST score using clinical data. Finally, the rational for adding the phosphate restriction groups was to examine whether mRUST and RUST were able to distinguish between normal healing (control) and delayed healing which is observed in animals fed a phosphate deficient diet (Pi groups). However, given that the time frame of phosphate restriction was only for 14 days, we did not achieve as robust a set of correlations of the ability of RUST scores to detect delayed or earlier predictions to non healing. Further studies using models of non-union or defined genetic mutations that produce other known effects on the biological progression of fracture healing are therefore needed to assess the sensitivity of the RUST scoring system in detecting the progression of fracture healing.
In conclusion, we show in this study that the mRUST and RUST score correlates strongly with several biomechanical properties, including bone mineral density and time of healing. These data suggest that both mRUST and RUST may be a useful surrogate for progression of healing and estimating union after fracture. While the RUST and mRUST scores correlate with biomechanical properties of bone healing, they should be used in conjunction with clinical criteria in evaluation of union: Absence of pain with weight-bearing, absence of pain upon palpation and the ability to weight bear. 1 
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